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ABSTRACT
Amidst massive losses in biodiversity, it is vital to identify the factors driving species declines.
The main objective of this research was to assess dietary differences between Storeria dekayi and
Thamnophis sirtalis and their less abundant and more geographically restricted sister species,
Storeria occipitomaculata and Thamnophis butleri, in Illinois and Michigan. I hypothesized that
greater abundance and more cosmopolitan distribution are associated with consuming a wide
variety of prey and more nonnative prey. To assess diets, I conducted field surveys of Storeria
and Thamnophis and analyzed DNA metabarcoding data from fecal samples. I found no
significant difference in the dietary diversity or proportion of nonnative prey in the diets of
Storeria or Thamnophis. The diet of S. occipitomaculata was dominated by Deroceras laeve
(native), whereas T. butleri specialized on Lumbricus rubellus (nonnative). In order to protect
rare snake species from decline, we must preserve important predator and prey habitats.
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INTRODUCTION
Across taxa, biodiversity has declined well above the background extinction rate
(Maclean and Wilson, 2011; Ceballos et al., 2015). About 38,000 assessed species are currently
threatened with extinction, and 31 species were recorded extinct in 2020 alone (IUCN, 2021).
Certain factors can make a species more vulnerable to extinction or, rather, predict their risk of
extinction. These can include low population size, dietary specialization, habitat specialization,
and small geographic range (Foufopoulos and Ives, 1999; Purvis et al., 2000; Harcourt et al.,
2002; O’Grady et al., 2004; Boyles and Storm, 2007; Tingley et al., 2013; Pearson et al., 2014).
When a species is at high risk for extinction due to one (or several) intrinsic factors, additional
extrinsic threats, such as habitat loss, climate change, pollution, and introduced species, can drive
vulnerable species to extinction (Tingley et al., 2013; IUCN, 2021). Therefore, better
understanding how these predictors and threats work together to influence population dynamics
will help us effectively identify and manage at-risk populations.
Population size is an independent, top predictor of extinction risk (Purvis et al., 2000;
O’Grady et al., 2004). When a species’ population size is small, it becomes more susceptible to
the effects of demographic and environmental stochasticity. Small populations are especially
subject to the Allee effect, where species with few individuals and/or patchy distributions lack
sufficient cooperative actions with conspecifics, reducing fitness (Lande, 1999). For example,
individuals from small populations with patchy distributions may have difficulty finding an
unrelated mate. These populations are then met with inbreeding depression, loss of genetic
variation, and the fixation of deleterious mutations. Such forces cause small populations to
further decline, resulting in an extinction vortex. An extinction vortex is a process that describes
the positive feedback loop where intrinsic and extrinsic threats (like the Allee effect, inbreeding
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depression, habitat loss, etc.) drive a declining species further to extinction (Gilpin, 1986; Lande,
1999).
Population size has also been negatively correlated with dietary specialization (Harcourt
et al., 2002; Boyles and Storm, 2007). Lack of appropriate dietary resources reduces a
population's energy consumption, which in turn can reduce fitness, causing population declines
and the resulting positive feedback loop as mentioned above (Robinson and Redford, 1986; King
et al., 2008). Dietary specialists are especially at risk due to their narrow prey options. When
they lose their prey to some event, like habitat destruction, they lose their main food source and
may not receive adequate nutrients elsewhere. For example, the decline of some bees has been
linked to dietary specialization of Fabaceae pollen where Fabaceae is also in decline. Fabaceae
may be more nutrient rich than other pollen types that Fabaceae specialists avoid, and lack of
sufficient pollen availability can limit the growth of a colony and decrease sexual reproduction
(Goulson et al., 2002; Goulson et al., 2005; Carvell et al., 2006).
Another well-known driver for low population size is the introduction of non-native and
invasive species. Nonnative species, or species that have been introduced to regions in which
they do not originally occur, can be competitors, predators, pathogens, parasites, or even prey of
native species, and such interactions can affect native species’ abundance, distribution, and
trophic interactions (Pimentel et al., 2004). These interactions are especially amplified when
nonnative species affect dietary specialist predators. When an introduced species dominates the
indigenous prey of a specialist predator, this can affect the predator’s food availability. In
California, for example, the coastal horned lizard is a dietary specialist and is in decline due the
introduction of the invasive Argentine ant, which is displacing its native ant prey. The lizard
avoids eating Argentine ants and so has access to fewer dietary resources with the decline of its
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native prey (Carlsson et al., 2009). Conversely, not every species introduction is negative for all
native species. For example, the introduced round goby in the Great Lakes has become the main
prey source of the previously endangered Lake Erie water snake (King et al., 2006). The Lake
Erie water snake historically ate a variety of native fish and amphibian species, but the
introduction of the round goby into their diet increased their growth rate and size, rebounding
their population (King, 1993; King et al., 2006).
Study System.—Occasionally, closely related species differ in abundance and dietary
breadth, as is the case with two species from the Storeria genus (brown snakes) and two species
from the Thamnophis genus (garter snakes) in some localities (Fig. 1). The unique situation of
abundant and less abundant populations within the Storeria and Thamnophis genera presents a
unique opportunity in studying the relationships of predator abundance with dietary
specialization and nonnative prey. Are species with large populations and geographic
distributions more likely to be dietary generalists and consume a lot of nonnative prey?
Conversely, are species with small populations and geographic distributions more likely to be
dietary specialists and consume less nonnative prey? To elucidate these relationships, I identified
and compared the diets of related Storeria species and related Thamnophis species in Michigan
and Illinois.
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FIG. 1. Population size and reported dietary breadth of Storeria and Thamnophis species in
Washtenaw County, MI and DeKalb County, IL.
In Washtenaw County, Michigan, Storeria dekayi (Dekay’s brown snake) and
Thamnophis sirtalis (Eastern garter snakes) are both abundant species and common throughout
their ranges, whereas Storeria occipitomaculata (red-bellied snakes) and Thamnophis butleri
(Butler’s garter snake) are less abundant and have patchier distributions (Harding and Mifsud,
2017; MIHerpAtlas, 2021). In fact, T. butleri is listed by the State of Michigan Department of
Natural Resources as a Michigan Species of Special Concern. According to the Illinois Natural
History Survey, these population dynamics are echoed in DeKalb County, Illinois; however, T.
butleri is not present in the county or state. Furthermore, S. dekayi and T. sirtalis diets are
considered more generalist than S. occipitomaculata and T. butleri diets. S. dekayi reportedly eat
various species of soft-bodied invertebrates (especially slugs and earthworms), whereas S.
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occipitomaculata reportedly specialize on slugs (Semlitsch and Moran, 1984; Rossman and
Meyer, 1990; Virgin and King, 2019). Similarly, T. sirtalis are considered diet generalists,
consuming a variety of earthworms, amphibians, and some mammals, whereas T. butleri
reportedly feed exclusively on earthworms (Carpenter, 1952; Lyman-Henley and Burghardt,
1995; Sullivan et al., 2002; Virgin and King, 2019). However, many studies are dated and report
anecdotal evidence from wild populations with small sample sizes (often < 10) or are captive
observations, so the full dietary breadth of these species is unknown. An excellent study recently
shed some light on the dietary diversity of S. dekayi, S. occipitomaculata, and T. sirtalis in
Illinois by morphologically identifying regurgitated prey items. They recovered only one prey
item from most individual snakes. However, the identification of some prey was limited to
genera or higher, so the full dietary diversities of these species may be underreported (Virgin and
King, 2019).
Within Michigan and Illinois, these four snake species have access to both native and
nonnative species of prey (i.e., slugs and earthworms). There are more species of nonnative slug
and earthworm than native throughout each state; however, interactions between these native and
nonnative taxa are relatively unknown. At least some native and nonnative slugs and earthworms
appear to coexist at sites in the United States (Hendrix et al., 2006; Paustian and Barbosa, 2011).
Of the four slug species that have been described in Washtenaw County, Michigan (Arion
circumscriptus, Deroceras reticulatum, Deroceras laeve, and Limax maximus), D. laeve is the
only native slug species (Appendix A) (iNaturalist, 2021; Getz, 1959). In addition, 16 different
earthworm species have been reported in Washtenaw County, only two of which are native
(Appendix B) (Diplocardia singularis and Bimastos beddardi; Reynolds and Wetzel, 2014).
Data is lacking in DeKalb County, Illinois, but iNaturalist (2021) and Virgin and King (2019)
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collectively report three nonnative slug species (Appendix C). Additionally, two native slug
species (D. laeve and Philomycus carolinianus) are reported by iNaturalist (2021) in bordering
counties (Appendix C). In the State of Illinois, seven native and five nonnative slug species are
reported (Hubricht, 1985; Perez and Cordeiro, 2008; Illinois Department of Natural Resources,
2009). Additionally, DeKalb County reports five nonnative earthworms (Appendix D) (Reynolds
and Wetzel, 2011). Although native species in the county are unknown, one native earthworm
(Diplocardia communis) is recorded in a bordering county (Appendix D) (Reynolds and Wetzel,
2011).
The objective of this research was to determine the differences in dietary diversity and
nonnative species consumption between closely related snake species. The approach to
investigating this objective involved conducting field surveys of S. dekayi, S. occipitomaculata,
T. sirtalis, and T. butleri from both Michigan and Illinois and performing genetic prey analysis of
fecal samples. There were two hypotheses and corresponding predictions associated with this
research. I hypothesized that greater abundance and more cosmopolitan distribution in snakes are
associated with consuming a wider variety of prey and therefore predicted that the diets of S.
dekayi and T. sirtalis would consist of a wider diversity of prey than their respective sister
species, S. occipitomaculata and T. butleri. Additionally, I hypothesized that the more abundant
and cosmopolitan snake species are likely to consume more nonnative prey, and therefore
predicted that the diets of S. dekayi and T. sirtalis would consist of a greater proportion of
nonnative prey than their respective sister species, S occipitomaculata and T. butleri.
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MATERIALS AND METHODS
Study Sites.—I conducted this research at nine study sites within two states— eight in
Washtenaw County, MI and one in DeKalb County, IL. To select Michigan sites, I collaborated
with officials from Ann Arbor Natural Area Preservation, Michigan Herpetological Atlas
Project, the University of Michigan Matthaei Botanical Gardens, the University of Michigan
Museum of Zoology, and the Greenwald Lab at Eastern Michigan University who provided
Michigan occurrence data for the selected snake species. I chose Michigan study sites if they had
records of at least both snake species from one genus (e.g., S. dekayi and S. occipitomaculata) or
contained habitat that is suitable for both species from one genus. The Michigan sites included
the University of Michigan Matthaei Botanical Gardens, Northfield Woods Preserve, County
Farm Park, Parker Mill County Park, Lefurge Woods Nature Preserve, Furstenberg Nature Area,
South Pond Nature Area, and a private residence (Fig. 2).
Matthaei Botanical Gardens is managed by the University of Michigan and consists of
about 145 ha of a variety of landscape types, predominantly forested wetland, and hardwood
forest. There, research took place mostly in forested wetland, grassland, and wetland-scrub
habitats. Northfield Woods Preserve, County Farm Park, and Parker Mill County Park are all
managed by the Washtenaw County Parks and Recreation Commission and are about 32, 57, and
18 ha, respectively. Northfield Woods Preserve consists mostly of wooded wetlands, woodlands,
and old field succession habitat; I conducted surveys throughout this site. County Farm Park was
the most urban site for this research and is dominated by old field succession habitat, an upland
woodlot, and installed landscapes. I focused research at County Farm Park in old field succession
and wetland habitats. Parker Mill County Park contains mostly floodplain forest habitat, which I
surveyed in addition to tall grass prairie habitat. Lefurge Woods Nature Preserve consists of 131
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ha of wetlands, meadows, woods, and agricultural land and is managed by the Southeast
Michigan Land Conservancy. I conducted surveys at this site in meadow and wetland areas.
Furstenberg Nature Area and South Pond Nature Area are managed by the City of Ann Arbor
Natural Area Preservation and are 15 and 6 ha, respectively. Furstenberg Nature area
encompasses wetlands, prairies, woodlands, and oak savannah, and I focused research on prairie
and oak savannah habitat. Additionally, I researched within the oak savannah habitat of the
South Pond Nature area. Lastly, the private residence that was used for this research was about
2.5 ha, and I conducted research throughout its tall grass prairie, pond, and edge habitats.
According to the Environmental Protection Agency, all sites fall within the same ecoregion
(55a).
For a larger sample size, I partnered with Dr. Richard King at Northern Illinois
University whose graduate student, Emily Virgin, previously conducted snake diet research at
Potawatomi Woods Preserve in DeKalb County, Illinois (Fig. 3) (Virgin and King, 2019). This
study site has records of S. dekayi, S. occipitomaculata, and T. sirtalis. Potawatomi Woods
Forest Preserve is managed by the DeKalb County Forest Preserve district and consists of 120 ha
of predominantly floodplain forest. They focused surveys in tall-grass prairie savannah and wet
meadow (Virgin and King 2019).
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FIG. 2. Locations for study sites in Washtenaw County, Michigan.
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FIG. 3. The location of the DeKalb County, Illinois, study site (Potawatomi Woods Forest
Preserve).
Sample Collection.—I used coverboards made of plywood or tin to survey for snakes at
Michigan sites, which serve as refugia for herpetofauna. Using coverboards is described as an
efficient method as they allow for finding smaller snake species, like S. dekayi and S.
occipitomaculata, in addition to larger snake species (Grant et al., 1992; Halliday and BlouinDemers, 2015). At three of the sites, coverboards had already been placed between 2017 and
2018 for previous research by the Greenwald Lab of Eastern Michigan University (Lefurge
Woods Nature Preserve, County Farm Park, and Furstenberg Nature Area) and were made of
plywood cut to about 1.5 m x 1 m (Bartman, 2019). Tin sheets were placed at Matthaei Botanical
Gardens in 2014 by the University of Michigan and measured at roughly the same size as the
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plywood coverboards. At all other Michigan sites, except for South Pond Nature Area, I placed
plywood coverboards of comparable size near coordinates at which one of the four snake species
had been recorded. I also performed visual encounter surveys by walking around sites and
looking under naturally occurring cover objects for snakes. Only visual encounter surveys were
performed for South Pond Nature Area because of the capture success using this method,
rendering coverboards unnecessary. Each Michigan site was surveyed at least 5 times on nonconsecutive days from May 2019 to September 2019 and May 2020 to August 2020 (COSEWIC,
2010; Harding and Mifsud, 2017).
To assess the diet of each snake species, I collected fecal matter if the snake defecated
upon capture or if gentle abdominal palpations produced defecation. If I suspected that the snake
had partially digested prey in its stomach, I gently palpated the snake to encourage regurgitation.
The fecal and regurgitated samples were then placed in 1.5 mL microcentrifuge tubes, put into a
cooler with an ice pack, and stored in a freezer the same day. I assessed the sex of snakes via
cloacal probing, weighed snakes using a spring balance, and measured snout-vent-length in
meters with measuring tape. To identify recaptures and avoid resampling, I scanned captured
snakes for a pit-tag using a Biomark 601 reader. Pit-tags, or Passive Integrated Transponders, are
microchip devices that allow for the identification of an organism (that has a pit-tag implant)
when scanned by an antenna. In 2019, I implanted HPT8 (8 mm) pit-tags subcutaneously
midway down the side of the snake. I did not implant pit-tags during the 2020 season due to
resource constraints but continued scanning each captured snake. I only recaptured a single snake
across all site visits, and I only took one fecal sample from this snake. I disinfected all tools with
diluted bleach between sites.
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The King Lab of Northern Illinois University surveyed Potawatomi Woods Preserve for
snakes using cover boards made of plywood or used conveyor belts. They spaced 41 cover
boards 20 m apart in transects and surveyed the site every two weeks from mid-April to midOctober 2011. They marked snakes by ventral scale clipping, weighed them using a portable
electronic balance, and measured snout-vent-length. They collected fecal samples by gently
palping fecal matter into vials containing 70% ethanol (Virgin and King 2019).
Barcoding and Universal Primers.—Because the full diets of each snake species are
unknown, I analyzed the diet composition of fecal samples using a genetic method called DNA
barcoding. In this process, samples are pooled and a portion of the DNA of an unknown
organism is tagged with a “barcode” (a unique identifying sequence) and then sequenced. Then,
sequences are compared to a library of organisms with known sequences. The sequences can
then be linked to their original sample thanks to their unique barcodes (Ratnasingham and
Herbert, 2011). A universal primer is often used in this process because they are degenerate
primers which can amplify a variety of species—this is termed “metabarcoding.” I chose to
amplify the mitochondrial cytochrome oxidase subunit I (COI) protein using universal primers.
This region is highly conserved across metazoa and is known to effectively distinguish among
animal sequences, making it ideal for amplifying a variety of potential animal prey species using
universal primers (Ratnasingham and Herbert, 2011; Robeson et al., 2018). The DNA from the
snake fecal samples was likely degraded, therefore I needed to choose universal primers that
amplify a smaller region than the length of the full COI sequence (et al., 2006). I chose the
forward universal primer mlCOIinfF (5’-GGWACWGGWTGAACWGTWTAYCCYCC-3’)
(Leray et al., 2013) and reverse universal primer PolyShortCoiR (5’CCNCCTCCNGCWGGRTCRAARAA-3’) (Carr et al., 2011) as they amplify a short region of

13
about 311 base pairs and yielded the fewest mismatches among binding sites of tested potential
prey sequences.
I used the BOLD Systems Data Portal to verify that potential prey sequences were in the
reference library and aligned a selection of those sequences with published universal primers. I
considered taxa potential prey if a taxon had been previously reported in the diets of these
snakes, according to sources mentioned previously. I also considered most earthworms and slugs
in the region potential prey. I searched the database for a variety (N > 40) of earthworm, slug,
snail, amphibian, and mammal taxa, and I found that all potential prey, including both native and
nonnative slugs and earthworms, were present in the BOLD library at least at the rank of genus. I
then used ApE (A plasmid Editor), a sequence alignment tool, to compare published universal
primers, including the chosen universal primers, against a variety of potential prey sequences
downloaded from the BOLD Systems Data Portal, which included 15 different taxa
encompassing earthworms, amphibians, slugs, and mammals.
Blocking Primers.—Predator DNA tends to degrade more slowly than prey DNA in fecal
samples, and so predator DNA can occur in higher frequencies. Therefore, predator DNA can
monopolize sequence abundance data which can lead to missing lower-frequency prey DNA in
samples (Deagle et al., 2006). Blocking primers can eliminate or greatly reduce amplification of
predator sequences. When used in conjunction with universal primers, they can block the
amplification of predator sequences without affecting amplification of prey sequences (Vestheim
and Jarman 2008; Vestheim et al., 2011). To inhibit amplification of predator DNA, I designed
four blocking primers that were specific to each snake species (Table 1). I designed the blocking
primers to overlap with either the forward or reverse universal primers and with a binding site
specific to each snake species. I added a C3 spacer modification to the 3’ end of each blocking
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primer to prevent elongation during PCR, as it is described to be one of the most effective and
readily available blocking modifications (Vestheim and Jarman 2008; Vestheim et al., 2011). I
designed the blocking primers following proper primer design protocol, including avoiding runs
of three or more Cs or Gs at the 3’ end, and with a Tm slightly higher than that of the universal
primer it is intended to block (Dieffenbach et al., 1993; Vestheim et al., 2011). I verified primer
properties using the Primer3 Input tool and used ApE to test for unintentional blocking of prey
sequences. I tested this by comparing blocking sequences among a variety of potential prey
sequences acquired from the BOLD Systems Data Portal. The blocking primers were found to be
unique to their respective snake species when aligned with the same 15 potential prey species
used to verify universal primer efficacy.
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TABLE 1. Blocking primer sequences for each snake species.
Blocking primer

Snake species

Name

Sequence

Type

T. sirtalis

thaSirRblock

5’-AAAGAATGAGGTGTTGATGTT

Reverse

TCGGTCGGTTA-C3-3’
T. butleri

thaButFblock

5’-ACCCACCACTTTCAGGGAACC

Forward

TAGTACACTCTGG-C3-3’
S. dekayi

stoOCCIRblock

5’-TCAAAGAAGGAGGTGTTAATG

Reverse

TTTCGGTCA-C3-3’
S. occipitomaculata

StDeKRblock

5’-CAAAGAATGAGGTGTTAATAT

Reverse

TTCGGTCG-C3-3’

DNA Extraction and Amplification.—I collected 30 fecal or regurgitated samples at the
Michigan sites and the King Lab collected 137 fecal samples from Potawatomi Woods Forest
Preserve (Table 2) and only one sample was collected per snake. Two of the Michigan samples
were regurgitated prey and were identified upon collection (Anaxyrus americanus), while the rest
of the Michigan samples and all Illinois samples were feces. I removed the T. sirtalis
regurgitated samples (N = 3) from diversity analyses to prevent skewed results because of the
collection method. Since regurgitated samples were identified upon collection rather than
through DNA analysis, there were likely more prey items eaten by those snakes than just what
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was collected from regurgitation. I extracted nine fecal samples using the QIAampTM
PowerFecal DNA Kit (Qiagen) following the kit protocol. I sent extracted samples (N = 9) and
all other samples (N = 158) to the lab MR DNA (MR DNA, 2021) for continued extraction and
analysis because of lab constraints and restrictions caused by the pandemic. I shipped samples
overnight on dry ice.
TABLE 2. The number of samples per species per state.
Samples (N)
Species

Michigan

Illinois

Total (N)

S. dekayi

5

68

73

S. occipitomaculata

0

25

25

T. sirtalis

16

44

60

T. butleri

9

0

9

The MR DNA Lab extracted a total of 158 samples using the DNeasy PowerSoil Kit
(Qiagen). To minimize costs, I asked the MR DNA Lab to pool 86 of the Illinois samples into
five different groups prior to extraction (Table 3). I organized these groups by snake species and
age (adult or juvenile). Samples from the Michigan sites (N = 30) were not pooled nor were 51
of the Illinois samples. Each pooled sample was dominated by a single prey item and so I
retained them in all analyses and treated pooled samples in analyses as individual samples. The
Illinois samples were preserved in ethanol and so the MR DNA lab centrifuged the samples,
removed the ethanol, and air dried them in the hood. They pooled specified samples in 15 mL
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tubes with 100 µL Microbial DNA-Free Water (Qiagen) and vortexed the pooled samples to
homogenize. For all samples (pooled and individual), they added 250 mg of sample to the power
bead tube and the extraction was completed following kit protocol, eluted, and stored at -20 °C,
following kit protocol (Qiagen).
TABLE 3. Organization of pooled samples from IL by species and age group.
Species

Age group

N

Assigned pool ID

S. dekayi

Adult

30

1

Juvenile

21

3

S. occipitomaculata

Juvenile

8

4

T. sirtalis

Adult

17

2

Juvenile

10

5

The MR DNA lab completed 86 PCR reactions (81 individual samples and 5 pooled
samples) using the specified universal primers and designed blocking primers. They performed
two reactions per sample, where the first reaction amplified the target region and the second
reaction added the adapter sequences (barcodes). They used the following reagents and
concentrations for the first PCR reaction: 12.5 µL Hot Start Taq DNA Polymerase (Qiagen), 0.2
µL bovine serum albumin, 2 µL MgCl₂, 1.25 µL forward primer (5 µM), 1.25µL reverse primer
(5 µM), 1.25 µL blocker (5 µM), 5.5µL Microbial DNA-Free Water (Qiagen), and 1 µL of
sample DNA. The first thermocycling program began at 95 °C for 5 minutes followed by 30
cycles of 95 °C for 30 s, 53 °C for 40 s, and 72 °C for 1 min. Next, there was a final extension
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step of 72 °C for 10 min and a hold at 4 °C. The second PCR reaction included the addition of
1.25 µL (5 µM) of i5 adapter sequences (barcodes), which are unique dual index adapters and are
each 10 bases long (Illumina, 2021). They also added 12.5 µL Hot Start Taq DNA Polymerase
(Qiagen), 1.25 µL i5 adapter (5 µM), 1.25 µL i7 adapter (5 µM), 9 µL Microbial DNA-Free
Water (Qiagen), and 1 µL amplicon from the first PCR to this reaction. The thermocycler
program for the second reaction began at 95 °C for 5 min, followed by 12 cycles of 95 °C for 30
s, 55 °C for 30 s, and 72 °C for 30 s. A final extension step of 72 °C for 5 min was followed by a
hold at 4 °C.
Sequencing and Data Organization.—The MR DNA lab used MiSeq to prepare an
Illumina DNA library from the PCR products. Prior to sequencing, they multiplexed samples by
pooling samples together and then purified samples using calibrated Ampure XP beads. Samples
were sequenced on an Illumina MiSeq using a MiSeq Reagent Kit v3 with 2x300 bp output.
Samples were initially analyzed using the MR DNA analysis pipeline which involved using
algorithms from USEARCH (a high-throughput search and clustering tool) (Edgar, 2010). They
demultiplexed samples, stripped primer binding sequences, merged paired-end sequences, and
removed sequences <150 bp as well as sequences with ambiguous base calls. They then quality
filtered sequences using a maximum quality threshold of 1.0, dereplicated sequences (identified
and reported unique sequences), and discarded singleton sequences (Edgar, 2010; MR DNA,
2021). The MR DNA lab used USEARCH algorithms to denoise samples and create zOTUs
(zero-radius OTUs) (Edgar, 2010). In this process, they identified and removed reads with
sequencing and PCR point errors. Denoising OTUs can resolve sequences down to a single
difference, enabling resolution between closely related taxa (Edgar, 2010). The MR DNA lab
identified zOTUs with BLASTn against a curated NCBI database. One output are percentage
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files which contain the relative percentage of sequences in a sample associated with a particular
taxonomic name in the database (MR DNA, 2021). These files were used for downstream
analyses.
The MR DNA lab bioinformatics pipeline produced several files based on taxonomic
classification. To limit analyses to large prey items that the snakes ate, I chose to analyze only
metazoan files. Other available files included organisms such as bacteria, fungi, and other taxa of
little interest. Within the metazoan files, I investigated the “identity” files, which report the level
of taxonomic classification by the percent divergence of a prey sequence from an available
sequence in the NCBI database that closely matched (Table 4). I was satisfied with a divergence
level of 10% (90% match and above), so I only analyzed classifications at the family level and
below. All sequences with a divergence level above 10% were discarded, along with other
unlikely diet organisms including dog, cat, human, and the species of the snake genus from
which the sample came. For example, if a T. sirtalis sample included either T. sirtalis or T.
butleri DNA, this “prey” would be removed from the analysis. I also excluded fecal samples
from analysis that had no diet items after these adjustments (N = 4). Finally, sequences that were
likely representative of the same species but with slightly different base pairs were combined to
the lowest taxonomic level available.
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TABLE 4. Percent match of sequenced prey DNA to sequences from BLAST and corresponding
ranked taxonomic classification (MR DNA, 2021).
Match to BLAST sequence
(%)

Identity designation

> 97

Classified to species

Between 97 and 95

Classified to genus

Between 95 and 90

Classified to family

Between 90 and 85

Classified to order

Between 85 and 80

Classified to class

Between 80 and 77

Classified to phylum

< 77

Unknown

Prey Surveys.—To determine which prey species were available for consumption and to
account for differences in prey availability among sites, I surveyed potential earthworm and slug
prey at each of the eight Michigan study sites in October 2019 using allyl-isothiocyanate
(mustard oil). Mustard oil acts as a natural earthworm repellent and is effective at forcing epigeic
earthworms to the surface (Chan and Monroe, 2001). I prepared a mustard powder stock solution
by mixing 38.1g mustard powder in 100 mL of water and diluting the solution with 500 mL of
water just prior to sampling (Iannone et al., 2012). I identified one sampling location per site by
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plotting snake occurrences within a site and finding the mean coordinates of these occurrences
using QGIS v. 3.12. At each sampling location, I placed a 0.5 m x. 0.5 m quadrat and cleared the
quadrat of leaves and other loose organic material. Then, I poured the diluted mustard solution
evenly over the plot using a watering can and collected any earthworms and slugs that came to
the surface within 15 minutes (Iannone et al., 2012). I placed earthworms and slugs in 70%
ethanol for later identification. Because of constraints caused by COVID-19, specimens have not
yet been classified and so no results will be presented.
Diversity Analyses.—I performed all analyses using R (R Core Team, 2020). To
determine differences in dietary diversity between congenerics, I calculated Simpson’s reciprocal
index (D) of diversity on each fecal sample using the relative percentages of taxa (sequence
abundance) within a sample (diversity via the vegan (Oksanen, 2020) package). Simpson’s
reciprocal index was an ideal choice for this research because of how it processes the occurrence
of rare taxa. Some taxa in the fecal samples were contributed relatively few reads and could have
been a parasite of the snake, prey of the snake, or even gut contents of prey. In these scenarios, it
is unlikely that all rare taxa were in fact snake prey. Simpson’s reciprocal index weights taxa
based on their relative abundance, meaning that taxa with sequences that are abundant are more
highly weighted than taxa with sequences that are rare. Thus, rare taxa contribute less to the
diversity value than abundant taxa, yielding a more accurate diversity analysis (Simpson, 1949;
Roswell et al., 2021).
I compared diversity values between Illinois Storeria species and then between Michigan
Thamnophis species. I kept all analyses within each state to control for differences in prey
availability. I only analyzed the Illinois Storeria samples and Michigan Thamnophis samples
because of the absence of T. butleri in Illinois and lack of S. occipitomaculata samples collected
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in Michigan. To test if S. dekayi has a greater dietary diversity than S. occipitomaculata, I
compared diversity values between each species using a Mann-Whitney U test with a continuity
correction (wilcox.test via the stats (R Core Team, 2020) package). I followed the same
procedure to test if T. sirtalis has a greater dietary diversity than T. butleri.
For each snake species, I also summed the percentages of all prey taxa identified across
all individuals based on sequence abundance and calculated the proportion that each prey item
contributed to the snake species’ diet, collectively. I performed a Simpson’s reciprocal index of
diversity analysis on these values for each snake, yielding one diversity value per snake species.
Nonnative Prey Analyses.—To determine the differences in the proportion of nonnative
prey consumed by each snake species, I first removed rare taxa. Like above, for each snake
species I summed all prey across each fecal sample and calculated the proportion that each prey
item contributed to the snake species’ diet. If a prey taxon sequence contributed less than 1% to a
snake species’ diet, it was considered an insignificant prey item, and I removed it from analysis
and adjusted diet proportions based on the remaining data. I then adjusted the percentages of
different prey sequences within that sample to sum to 100. I did, however, keep regurgitated
samples in this analysis. Next, I classified prey items as “native,” “nonnative,” or “unknown.” I
considered a prey sequence “native” if it was native to the region in which the sample with its
DNA was collected according to sources previously cited about native/nonnative prey. If an
identified prey taxon had been reported in the United States as a non-native taxon and could
feasibly exist in the area in which its DNA was collected, then I considered the prey “nonnative.” If occurrences of a prey item were at the time unknown in Michigan and Illinois, if a
higher classification was reported (e.g., family) and there are both native and nonnative taxa of a
lower classification in the United States, or if the prey item was unlikely to be in the area (e.g.,
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Astroboa), then I considered the prey sequence “unknown.” I calculated the proportion of
probable nonnative prey in each fecal sample by summing the “nonnative” prey percentages
based on sequence abundance within each fecal sample.
To determine if S. dekayi consumes a greater proportion of nonnative prey than S.
occipitomaculata, I performed a Mann-Whitney U test with a continuity correction (wilcox.test
via stats (R Core Team, 2020) package) on the proportions (percentage) of nonnative prey
sequences in each fecal sample between the Illinois Storeria. I employed the same analysis to
test if Michigan T. sirtalis consumes a greater proportion of nonnative prey than Michigan T.
butleri.
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RESULTS
Sample Collection.—The King Lab and I caught and sampled 167 snakes from the Illinois
and Michigan sites (Appendix E). The King Lab caught 137 of these snakes at Potawatomi
Woods Forest Preserve in DeKalb County, Illinois. Of these, 68 were S. dekayi, 25 were S.
occipitomaculata, and 44 were T. sirtalis (Appendix E). I caught 30 snakes at Washtenaw
County, Michigan sites (Appendix E). Of these, five were S. dekayi, 16 were T. sirtalis, and nine
were T. butleri (Appendix E).
Prey Surveys.—I have not analyzed prey surveys results due to the COVID-19 pandemic,
and I will not address them.
Sequencing.—From fecal samples, I recovered a total of 2,654,565 sequences belonging
to 270 taxa across all domains. I recovered 1,404,433 sequences from 155 taxa belonging to the
group metazoa (about 8,410 sequences per snake sample). The minimum number of sequences
obtained from one snake sample was 106, while the maximum was 34,726.
Diversity.—In Illinois, I identified 40 zOTUs across 19 S. dekayi samples (Appendix F)
and 24 zOTUs across 18 S. occipitomaculata samples (Table 5) (Appendix G). S. dekayi
averaged 2.11 zOTUs per sample, whereas S. occipitomaculata averaged 1.33 zOTUs per
sample. I found no significant difference between the dietary diversity of individual Illinois S.
dekayi and S. occipitomaculata (U = 193, p = 0.257) snakes. In Michigan, I found 35 metazoan
zOTUs across the 16 T. sirtalis samples (Appendix H) and 18 zOTUs across 8 T. butleri samples
(Table 5) (Appendix I). On average, there were 2.19 zOTUs per T. sirtalis sample and 2.25
zOTUs per T. butleri sample. I found no significant difference between the dietary diversity of
individual Michigan T. sirtalis and T. butleri (U = 64, p = 0.512) snakes. When I compared the
dietary diversity values calculated across all samples of a snake species rather than for each
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individual sample, S. dekayi had a slightly lower diversity value (D = 10.317) than S.
occipitomaculata (D = 10.819). However, T. sirtalis had a higher dietary diversity (D = 6.268)
than T. butleri (D = 2.232).
TABLE 5. Sample size and dietary diversity per snake species.
Species

Samples (N)

zOTUs (N)

Average zOTUs/sample

D (population)

S. dekayi

19

40

2.11

10.317

S. occipitomaculata

18

24

1.33

10.819

T. sirtalis

16

35

2.19

6.268

T. butleri

8

18

2.25

2.232

The most dominant prey taxon of S. dekayi was Succineidae (amber snails) (16% of all
sequences) (Fig. 4). I identified 19 different metazoan families of prey across all S. dekayi
samples, with Succineidae (amber snails) (30% of all sequences) also being the most dominant
prey family. The most dominant prey taxon of S. occipitomaculata was D. laeve (slugs) (20% of
all sequences) (Fig. 4) and the most dominant prey family was, accordingly, Agriolimacidae
(slugs) (20% of all sequences) among 20 prey families that were recovered for this snake species.
The most dominant prey taxon of T. sirtalis was Lumbricus rubellus (earthworms) (29% of all
sequences) (Fig. 5). I identified 23 different prey families across all T. sirtalis samples, with the
most dominant being Lumbricidae (earthworms) (57% of all sequences). The most dominant
prey taxon of T. butleri was also L. rubellus (earthworms) (65% of all sequences) (Fig. 5).
Likewise, the most dominant prey family across all T. butleri samples was Lumbricidae
(earthworms) (67% of all sequences) among the 14 different prey families that I identified.
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a

b
FIG. 4. The proportion (%) of prey taxa sequences identified in (a) S. dekayi fecal samples and
(b) S. occipitomaculata samples.
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a

b
FIG. 5. The proportion (%) of prey taxa sequences identified in (a) T. sirtalis fecal samples and
(b) T. butleri samples.
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Nonnative Prey.—I found no significant difference between the proportion of nonnative
species in the diets of S. dekayi and S. occipitomaculata (U = 209.5, p = 0.077). Likewise, I found
no significant difference between the proportion of nonnative species in the diets of T. sirtalis and
T. butleri (U = 58.5, p = 0.832). Of taxa that comprised more than 1% across all Illinois samples,
S. dekayi consumed 46% native, 23% nonnative, and 31% unknown prey taxa (Fig. 6), with the
most dominant nonnative prey taxa being L. rubellus (36%). S. occipitomaculata prey was 31%
native, 14% nonnative, and 56% unknown (Fig. 6), with L. rubellus (41%) as the most dominant
nonnative prey in the diet of S. occipitomaculata. Of Michigan T. sirtalis prey, 33% were native,
59% were nonnative, and 7% were unknown (Fig. 7). The most dominant nonnative prey of T.
sirtalis was L. rubellus (earthworms) (42%). T. butleri prey was 18% native, 71% nonnative, and
10% unknown (Fig. 7). L. rubellus (66%) was also the most dominant nonnative prey of T.
butleri.
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a

b
FIG. 6. Proportions (%) of native, nonnative, and unknown taxa sequences in (a) S. dekayi and (b)
S. occipitomaculata fecal samples that contribute to >1% of their diet.
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a

b
FIG. 7. Proportions (%) of native, nonnative, and unknown taxa sequences in (a) T. sirtalis and
(b) T. butleri fecal samples that contribute to >1% of their diet.
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DISCUSSION
If my prediction on dietary diversity was supported, the more abundant and cosmopolitan
S. dekayi and T. sirtalis would have had a greater dietary diversity than their respective sister
species. However, I did not find a significant difference in the dietary diversity between either S.
dekayi and S. occipitomaculata or T. sirtalis and T. butleri. I did, though, find interesting trends
in dietary diversity between species. Additionally, it is notable that all four snake species had
low dietary diversities per individual snake and higher dietary diversities per population.
Dietary diversity values per snake for each Storeria species were quite low (D < 3), as
were the average number of prey sequence identity per snake (N < 3). However, S. dekayi
averaged slightly more prey items per snake than S. occipitomaculata. Simpson’s reciprocal
index ranges from 1 at the lowest value to the maximum value being the total number of species
identified, or rather, the species richness (in this case the total number of taxa in one snake’s
diet) (Simpson, 1949; Gibbs et al., 2008). Thus, diversity values for each individual Storeria
cannot be very high because of low species richness. In fact, several individuals only ate one
prey item, yielding an individual diversity value of D = 1. To put it simply, most snakes ate only
a few things at one time. Conversely, each snake species ate more taxa collectively within their
populations than did individual snakes, yielding higher maximum diversity values. The
maximum diversity values possible for S. dekayi and S. occipitomaculata populations were the
maximum number of prey taxa identified across all samples of each snake species (N = 40 and N
= 24, respectively). Therefore, higher diversity values for S. dekayi (D = 10.317) and S.
occipitomaculata (D = 10.819) are explained by a larger number of prey items in general.
Furthermore, although these diversity values seem very similar, because S. occipitomaculata has
a lower maximum diversity value (D = 24), a dietary diversity value of D = 10.819 is relatively
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higher than the dietary diversity of S. dekayi, which has a larger maximum diversity value (D =
40).
Like Storeria, individual T. sirtalis and T. butleri snakes had low dietary diversities (D <
4) and low average prey items per snake (N < 3) and had higher dietary diversities across each
species collectively. However, T. sirtalis, the more abundant and cosmopolitan species, averaged
a slightly lower number of prey taxa per snake than T. butleri and collectively had a higher
dietary diversity (D = 6.26) than T. butleri (D = 2.23). There were more prey taxa identified
among T. sirtalis samples (N = 35) than T. butleri (N = 18) and so a larger possible maximum
diversity value for the population, but T. sirtalis did not eat as many prey taxa per individual as
did T. butleri. However, it is notable that I collected fewer samples from T. butleri (N = 8) than
from T. sirtalis (N = 16), which could significantly have impacted the total number of prey taxa
collected, and therefore the dietary diversity across the T. butleri population.
In addition to species richness, Simpson’s reciprocal index considers the relative
distribution, or evenness, of a species within a sample (Simpson, 1949; Gibbs et al., 2008). So if
a sample contains many species (prey) but most of them are only recorded once, then the
analysis would be skewed toward the few species that are recorded in greater quantity, yielding a
lower diversity value because of lack of evenness. The less common species in the sample are
given less weight in the analysis and so contribute less towards the diversity value. On the other
hand, if a sample contains several species with relatively even records of all, then weight would
be given to most of the samples and the diversity value would be higher (Gibbs et al., 2008).
This is intuitive; a snake population that eats many things, but most often one species, does not
really have as much diversity in their diets as do snakes who eat several things more often. For
Storeria, S. occipitomaculata ate fewer taxa per individual than did S. dekayi but had a slightly
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higher dietary diversity value within the population. S. occipitomaculata, although they
consumed fewer taxa per individual, likely had a more even distribution of those taxa at the
population level, yielding a higher overall diversity value. Indeed, although S. dekayi and S.
occipitomaculata had a similar distribution of dominant taxa (about 50% of their diets were
distributed among four taxa), the other 50% were distributed among the remaining 36 prey taxa
for S. dekayi and 20 prey taxa for S. occipitomaculata. Therefore, S. occipitomaculata had a
more even distribution of dominant prey among taxa, even across a comparable number of
samples. Similarly, four taxa comprised 68% of the T. sirtalis diet across samples, whereas only
one species (L. rubellus) took up roughly the same percentage of T. butleri diet (65%). Although
both species mainly ate earthworms, in Michigan T. sirtalis ate more taxa at higher quantities,
yielding a higher overall dietary diversity than T. butleri, who ate just one taxon much more
often than the rest of the taxa in their diets. However, because there were more samples collected
from T. sirtalis, the prey assemblage across each species may be a factor of sample size.
Overall, it appears that for each species, individual snakes only ate a few things at a given
time, but a wider variety of things across their populations. If I had resampled individual snakes,
I may have found different prey items in their diets each time, yielding similar diversity values
per snake as the population. Virgin and King (2019) found that the diet breadth of S. dekayi (D =
2.39) was larger than the diet breadth of S. occipitomaculata (D = 1.08) at Potawatomi Woods
Forest Preserve and that at this site T. sirtalis had a dietary diversity value of D = 1.04. These are
based on the frequency of occurrence of prey items across each population. In the current study,
dietary diversity values are much higher (D > 10) across the same populations at the same site
and S. dekayi had a relatively lower dietary diversity value than S. occipitomaculata. The Virgin
and King (2019) study identified prey morphologically and could not identify all prey taxa down
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to species level. However, by identifying prey in this way, they avoided identifying exogenous
species or misidentifying species. For example, in the current study, S. occipitomaculata ate a
wider diversity of prey taxa than anticipated, but several of the top identified prey in their diets
may have not have actually been what they ate (Mioduchowska et al., 2018; Deagle et al., 2019).
After D. laeve, the other top prey taxa included Micromelo undata (sea snail) (20%), Capitellidae
(marine worms) (9%), and Dasybranchus (marine worms) (8%). All three of these top matches,
which take up 37% of S. occipitomaculata diet, are only found in marine or coastal habitats and
have not been reported in Michigan or Illinois. It is therefore unlikely that S. occipitomaculata
ate these taxa. It is unclear why sequences were matched to these taxa, especially at the species
level, which yields a 99% match. One proposed explanation for erroneous barcoding is that
researchers may have published incorrect sequences to databases. Although this is uncommon,
the phenomenon has become more frequent with the increased use of DNA barcoding.
Occasionally, sequences are published as belonging to one species, when the sequences are
actually from something else associated with that species. This could be gut microbiota,
environmental contamination, or even prey of that species (Ando et al., 2018; Mioduchowska et
al., 2018). More than likely, however, the taxa that they did eat were not in the NCBI database,
and so sequences were matched to the next closest matching taxa that were in the database.
Additionally, gut microbiota and environmental contamination that are identified correctly can
overestimate the dietary diversity of all four snake species (Ando et al., 2018). Bacteria and algae
were removed before analysis, but organisms such as nematodes and rotifers were identified and
remained in the analysis. These were likely parasitic or environmental, respectively, and not part
of the snake’s diet. We retained these taxa in analysis because they could still represent
something that the snakes are eating, like snails, earthworms, or slugs.
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Despite erroneous prey identifications, I found the composition of snake diets similar to
other accounts of predation by snakes. Virgin and King (2019) described slugs, snails, and
earthworms in the diets of S. dekayi, which is mostly the composition of S. dekayi diet in this
study. I found snails to be the most prevalent prey item for this snake species, which corresponds
to reports that S. dekayi and S. occipitomaculata possess special jaw adaptations for removing
snails from their shells (Rossman and Meyer, 1990). In addition to snails, studies report that S.
occipitomaculata feed primarily on slugs of the families Limacidae, Philomycidae, and
Agrilomicidae (Semlitsch and Moran, 1984; Rossman and Meyer, 1990; Virgin and King, 2019).
Although S. occipitomaculata fed primarily on D. laeve (family: Agriolimacidae) in this study,
they also fed on several other prey items, including earthworms and even the Eastern meadow
vole. Interestingly, studying the same population, the only slug species that Virgin and King
(2019) found in Storeria diets was D. reticulatum (nonnative), while we found evidence of only
D. leave (native) in diets at this site. Reports among T. sirtalis studies include earthworms as the
most common food source, followed by other taxa such as fish, amphibians, and other
invertebrates (Carpenter, 1952; Sullivan et al., 2002; Virgin and King, 2019). I found a similar
composition in this study; however, I also found ants (Formicidae) to be a relatively common
prey item (> 10%). Lastly, like other studies, we also found T. butleri to be a diet specialist of
earthworms, but there is evidence that perhaps T. butleri specializes on L. rubellus, specifically
(Carpenter, 1952; COSEWIC, 2010). Other earthworms were available at the locations where T.
butleri were surveyed because other snake species that were surveyed at these locations
contained other earthworm species in their diets. So even with the availability of other
earthworm species, T. butleri still consumed mainly L. rubellus. We do not know the relative
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abundance of each earthworm species at each site, which may influence prey preference and the
dynamics of niche overlap with T. sirtalis.
My prediction that S. dekayi and T. sirtalis would have a greater proportion of nonnative
prey in their diets than their respective sister species was not supported. I found no significant
difference in the proportion of nonnative prey between S. dekayi and S. occipitomaculata or T.
sirtalis and T. butleri. However, the Mann-Whitney U test revealed a low p-value (0.077) when
analyzing the difference in the proportion of nonnative prey in the diets of S. dekayi and S.
occipitomaculata. Therefore, although not statistically significant, there is an important trend in
nonnative prey between the two species. Although both Storeria species ate more native than
nonnative prey, the diet of S. dekayi tended to consist of more nonnative prey (23%) than the diet
of S. occipitomaculata (14%). The nonnative diets of both species largely consisted of nonnative
earthworms, but S. dekayi ate a greater variety of nonnative earthworms. However, both species
had a large portion of their diets that we placed in the “unknown” category. Such prey items
were listed as “unknown” mostly because of the potential misidentification of sequence data.
Therefore, because S. occipitomaculata had a very high proportion (56%) of “unknown” prey in
their diets, it is not clear how much native and nonnative prey S. occipitomaculata ate. S. dekayi
largely ate snails of the family Succinidae, of which no nonnative species are reported in Illinois,
as well as the native slug D. laeve. D. laeve also dominated the diet of S. occipitomaculata. In
contrast, the diets of T. sirtalis and T. butleri were both mostly nonnative, consisting largely of
the nonnative earthworm L. rubellus. T. butleri, as mentioned earlier, appears to specialize on L.
rubellus, a nonnative species. It is important to note, however, that no native earthworms were
recorded in the diets of any of the four snake species.

37
We did not recover a strong relationship between population dynamics and the dietary
diversity or proportion of nonnative species in the diets the Storeria and Thamnophis species
analyzed. However, the native species D. laeve is an important food source of S.
occipitomaculata at Potawatomi Woods Forest Preserve and the nonnative species L. rubellus is
a very important food source of T. butleri in Washtenaw County, Michigan. Unfortunately,
interactions between native and nonnative slugs and earthworms are not well understood. D.
laeve (native) and D. reticulatum (nonnative) have been known to coexist, however potentially
with D. laeve in lower frequencies (Getz, 1959). Furthermore, D. laeve is known to inhabit a
variety of habitats, including edge habitat, marsh edges, and hardwood swamps, and upland
forest, whereas D. reticulatum is most common in field and grassland habitat, and avoids
marshes and hardwood swamps (Getz, 1959; White-McLean, 2011). This is significant because
S. occipitomaculata is known to prefer moist, lowland wooded areas and upland forest habitat
(Semlitsch and Moran, 1984; Harding and Mifsud, 2017). Therefore, S. occipitomaculata
consumption of D. laeve may have been a factor of habitat preference and resulting prey
availability. There are several biological controls for D. laeve that are currently being employed
by land managers and private landowners, alike, especially to protect crops (Le Gall and Tooker,
2017; Farias et al., 2021). The control of this slug may inhibit prey availability of S.
occipitomaculata in their preferred habitat and cause subsequent declines.
Native and non-native earthworms experience similar partitioning of habitat, which may
explain T. butleri predation. T. butleri is noted as a habitat specialist, predominantly occupying
marshes with tall grasses (COSEWIC, 2010; Harding and Mifsud, 2017). However, Bimastos
earthworms (native) are largely found on forest floors and so are unlikely to occur in marshy
habitats (Kalisz and Wood, 1995; Gray, 2010). Similarly, it is less common for D. singularis
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(native) or most native earthworms to occur in disturbed and fragmented habitats, like most of
the Michigan sites at some point in their history (Kalisz and Wood, 1995; James and Hendrix,
2004). L. rubellus, however, occupies most habitats, especially those that have been disturbed
(Hendrix et al., 2006). Therefore, it is possible that L. rubellus was a predominant food source
for T. butleri because of their prevalence in a wide variety of habitats, including those that have
been disturbed. Interestingly, there is some evidence that native species, including Diplocardia
species, survive better in drought conditions than Lumbricus species (James and Hendrix, 2004).
This raises the question as to how climate change may affect the prevalence of Lumbricus
species and therefore the prey availability of a snake species that may specialize on L. rubellus.
Coupled with habitat destruction and fragmentation, T. butleri may lose a main prey source
which could inevitably cause further declines in their populations. Moreover, this could also
affect T. sirtalis populations as well as there is evidence that during drought years, T. sirtalis
juveniles are negatively affected by the decline of earthworms (note: this study included a
relatively even distribution of adult and juvenile individuals across both Thamnophis species)
(Fitch, 2006).
Lastly, differences in abundance and geographic distribution of these snake species could
be explained by several other factors beyond dietary preferences and availability. For example, S.
occipitomaculata is a secretive snake and can often be difficult to find (Semlitsch and Moran,
1984; Cairns et al., 2018). Therefore, the abundance of S. occipitomaculata may be
underreported. However, as noted above, they seem to prefer upland forest and forested wetland
habitat, and the exploitation and modification of these habitats in Illinois is well documented
(Illinois Department of Natural Resources, 2021). Additionally, T. butleri, although clearly diet
specialists, are also noted as habitat specialists. They prefer wetland habitats with heavy thatch
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layer and dense grasses and herbs. Unfortunately, much of their habitat is being destroyed and
fragmented because of urbanization and agriculture (COSEWIC, 2010; Ministry of the
Environment, Conservation and Parks, 2019). Therefore, the low abundance and distribution of
S. occipitomaculata and T. butleri could also be because of habitat destruction and
fragmentation. It is therefore prudent to protect the habitats that these snake species and their
prey rely upon. Additionally, further research on the assemblage of prey and mechanisms of prey
choice by Storeria and Thamnophis could further elucidate the resource requirements of these
species.
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APPENDIX A: Native and Nonnative Slugs of Washtenaw County, Michigan
Native slugs

Nonnative slugs

Deroceras laeve

Deroceras reticulatum
Arion hortensis
Limax maximus
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APPENDIX B: Native and Nonnative Earthworms of Washtenaw County, Michigan
Native earthworms

Nonnative earthworms

Diplocardia singularis

Allolobophora chlorotica

Bimastos beddardi

Apporectodea rosea
Apporectodea trapezoids
Apporectodea tuberculata
Apporectodea turgida
Dendrobaena octaedra
Dendrodrilus rubidus
Eiseniella tetraedra
Murchieona muldali
Lumbricus rubellus
Lumbricus terrestris
Octolasion tyrtaeum
Amynthas agrestis
Eisenia foetida
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APPENDIX C: Native and Nonnative Slugs of DeKalb County, Illinois
Native slugs (bordering counties)

Nonnative slugs

Deroceras laeve

Deroceras reticulatum

Philomycus carolinianus

Arion subfuscus
Limax maximus
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APPENDIX D: Native and Nonnative Earthworms of DeKalb County, Illinois
Native earthworms (bordering counties)

Nonnative earthworms

Diplocardia communis

Apporectodea rosea
Apporectodea tuberculata
Dendrodrilus rubidus
Lumbricus rubellus
Lumbricus terrestris
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APPENDIX E: Number of Snakes Caught Per Species Per Site
Species (N)
Sites

S. dekayi

S. occipitomaculata

T. sirtalis

T. buterli

Potawatomi Woods Forest Preserve

68

25

44

0

UofM Matthaei Botanical Gardens

3

0

4

3

Northfield Woods Preserve

0

0

1

1

County Farm Park

0

0

1

4

Parker Mill County Park

1

0

0

0

Lefurge Woods Nature Preserve

0

0

3

1

Furstenberg Nature Area

0

0

3

0

South Pond Nature Area

0

0

0

0

Private residence

1

0

0

0
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APPENDIX F: Taxa Identified in Illinois S. dekayi Fecal Samples
Scientific name

Common name

Vaejovidae

Scorpions

Adinetidae

Rotifers

Meleagris gallopavo

Turkeys

Fujientomon dicestum

Proturans

Diplogasteridae

Nematodes

Cerebratulus environmental sample

Ribbon worms

Aporrectodea trapezoides

Earthworms

Dasybranchus sp. dh1

Marine worms

Aporrectodea rosea

Earthworms

Cosmocercidae

Nematodes

Hypoponera opacior

Ants

Capitellidae

Marine worms

Eunice thomasiana

Earthworms

Micromelo undata

Sea snails

Pyuridae

Tunicates

Eiseniella tetraedra

Earthworms

Psychodidae

Drain flies

Octolasion lacteum

Earthworm

Allonemobius

Crickets
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APPENDIX F continued
Scientific name

Common name

Prionus insularis

Long-horned beetles

Dasybranchus

Marine worms

Astroboa

Basket stars

Aporrectodea caliginosa

Earthworms

Lumbricus rubellus

Earthworms

Oxyloma sp. hwh_2012

Amber snails

Deroceras laeve

Marsh slugs

Succineidae

Amber snails
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APPENDIX G: Taxa Identified in Illinois S. occipitomaculata Fecal Samples
Scientfic name

Common name

Aporrectodea trapezoides

Earthworms

Hypoponera opacior

Ants

Cerebratulus environmental sample

Ribbon worms

Habrotrochidae

Rotifers

Gallus gallus

Chickens

Astroboa

Basket stars

Eunice thomasiana

Earthworms

Anodorhynchus

Blue macaws

Megaselia scalaris

Flies

Fujientomon dicestum

Proturans

Rhynocoris

Assassin bugs

Pyuridae

Tunicates

Aporrectodea rosea

Earthworms

Demodex folliculorum

Mites

Aporrectodea caliginosa

Earthworms

Microtus pennsylvanicus

Meadow voles

Tetanocera sp. bold:aac6670

Flies

Lumbricus rubellus

Earthworms

Chrysomelidae

Leaf beetles
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APPENDIX G continued
Scientific name

Common name

Cosmocercidae

Nematodes

Dasybranchus

Marine worms

Capitellidae

Marine worms

Micromelo undata

Sea snails

Deroceras laeve

Marsh slugs
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APPENDIX H: Taxa Identified in Michigan T. sirtalis Fecal Samples
Scientific name

Common name

Anaxyrus americanus

American Toad

Cardiocondyla

Ants

Myrmica

Ants

Stenamma brevicorne

Ants

Prenolepis imparis

Ants

Lasius alienus

Ants

Aphaenogaster rudis

Ants

Prionus insularis

Long-horned beetles

Drusilla canaliculata

Rove beetles

Philonthus flavibasis

Rove beetles

Capitellidae

Marine worms

Aporrectodea trapezoides

Earthworms

Octolasion tyrtaeum

Earthworms

Aporrectodea caliginosa

Earthworms

Lumbricus rubellus

Earthworms

Lumbricus terrestris

Earthworms

Gorgoderina

Flatworms

Paratanytarsus sp. 7te

Midges
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APPENDIX H continued
Scientific name

Common name

Caecidotea

Isopods

Abacarus lolii

Mites

Nanorchestes sp. bold:aav0595

Mites

Rhabditidae

Nematodes

Heligmosomatidae

Nematodes

Hysterothylacium

Nematodes

Neodiplogasteridae

Nematodes

Habrotrochidae

Rotifers

Adinetidae

Rotifers

Adineta vaga

Rotifers

Philodinidae

Rotifers

Halimococcidae

Scale insects

Vaejovidae

Scorpions

Tityus

Scorpions

Dasybranchus

Marine worms

Sorex cinereus

Shrews

Sminthurinus elegans

Springtails
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APPENDIX I: Taxa Identified in Michigan T. butleri Fecal Samples
Scientific name

Common name

Storeria dekayi

Dekay's brown snake

Rhynocoris

Assassin bugs

Amynthas tokioensis

Earthworms

Octolasion lacteum

Earthworms

Henlea nasuta

Earthworms

Metaphire agrestis

Earthworms

Aporrectodea caliginosa

Earthworms

Lumbricus rubellus

Earthworms

Eupodidae

Mites

Rhabditidae

Nematodes

Heligmosomatidae

Nematodes

Neodiplogasteridae

Nematodes

Cerebratulus environmental sample

Ribbon Worms

Adinetidae

Rotifers

Paramacrobiotus sp. 'richtersi' group 1

Tardigrade

Meleagris gallopavo

Turkeys

Dasybranchus

Marine worms

Capitellidae

Marine worms
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APPENDIX J: IACUC Approval Letter
11/12/21, 9:49 AM

Eastern Michigan University Mail - Fwd: IACUC approval

Molly Dixon <mdixon18@emich.edu>

Fwd: IACUC approval
Katy Greenwald <katherine.greenwald@emich.edu>
To: Molly Dixon <mdixon18@emich.edu>

Fri, Nov 12, 2021 at 8:54 AM

---------- Forwarded message --------From: Sonia Chawla Wright <schawlaw@emich.edu>
Date: Tue, Mar 21, 2017 at 4:21 PM
Subject: IACUC approval
To: Katherine Greenwald <katherine.greenwald@emich.edu>
Hi Katy,
Eastern Michigan University’s Institutional Care and Use Committee (IACUC)
has reviewed your Application to Use Animals in Research or Instruction referenced below.
This project has been approved.
The proposed animal use procedures are in compliance with University guidelines, State and Federal regulations and the
standards for the “Guide for the Care and Use of Laboratory Animals.”
When communicating with the IACUC office, please refer to the Approval Number shown below. The
appropriate Approval Number must accompany all requisitions for animals and pharmaceuticals. No research, teasing or
instructional use of vertebrate animals may be initiated without an Approval Number.
The Approval Period for your application is also indicated below. The United States Department of Agriculture (USDA),
however, requires an annual review of applications to use animals. Therefore, each year of this approved protocol, prior
to the anniversary of its approval date, you will receive a short Annual Review Form. Your continued animal
use approval is contingent upon the completion and return of this form. We will also contact you to schedule a time for an
in-person review each year.
You will be notified prior to the expiration of of the Approval Period so that any renewal application can be prepared,
submitted, and reviewed in a timely manner and an interruption in the approval status of this project is avoided.
Committee approval must be obtained prior to changes in procedures that could affect the humane use of animals. If
changes are contemplated, a revised Animal Use Form (with the changes highlighted) must be submitted
and approved prior to initiation of the modified procedures. Contact this office for more information.
Sincerely,
Sonia
______________________________
Title: Effect of urbanization on native Michigan snake species
Approval Period:

March 21, 2017 - March 20, 2020

IACUC file/Approval No: 2017-077
______________________________
I wanted to add that you will need a DEA license to obtain the sodium pentobarbital. Please feel free to contact me for
assistance in obtaining the DEA license.

https://mail.google.com/mail/u/0/?ik=db69a42a5e&view=pt&search=all&permmsgid=msg-f%3A1716234614881449275&simpl=msg-f%3A1716234614881449275
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